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INTRODUCTION

Ever since the carcinogenic metabolites of
Aspergiflus flaves in peanuts were identified.
attention has been dirccted to the broad im-
plications of mycotoxin hazards. In the post-
aflatoxin era, mycotoxin studies generally were
devoted to: (i) occurrence and characteriza-
tion of specific toxins, (ii) cxamination of fac-
tors that contribute to the claboration of the
toxic substances. and (iif} description of the
effects of particular fungal metabolites on
microbes, plants. and animals (23, 46). Al-
though the presence of a toxin in foods and
feeds represents an obvious discase potential,
there is more concern growing over the health
hazard associated with the simultancous oc-
currence of two or more toxins, Diverse fun-
gal products can be expected to accumulate in
a substrate cither through simultancous clab-
oration of several compounds by a single strain
or by sequential developmient of several species
and associated toxin production.

Mycotoxicologists are particularly conscious
of toxic interactions in which the cooperative
effect of two or more substances elicits a total
effect greater than the sum of the activities of
individual agents; this combined response is
called a toxic synergism. Aggregate toxicities
in test animals depend on a number of vari-
ables, including species, sex, age, nutrition.
disease, test procedures, and environmental
conditions (temperature, light, and humidity).
In aflatoxicosis, young animals arc more sus-
ceptible than older ones, males more than
females, and both ducklings and trout are
significantly morc sensitive than mice (23, 46).
Within the inherent constraints, several tech-
niques have been developed and adapted to the
determination of mycotoxin synergism in test
animals. These involve growth rates, organ
function, acute toxicity, tissue histology, cellu-
lar function, blood chemistry, immunological
response, and tumor induction.

Particularly useful in measuring mycotoxin
synergism is the initiator-promoter procedure
employed in the mouse skin tumor test. This
unigue technique provides o two-step process
in which single applications of an initiator sub-
stance, c.g., 9.10-dimethyl-1.2-benzanthracene

(DMBA), and subscquent treatments wit
promoting substance, c.g.. croton oil, pro,
tumors on sensitive mouse strains (8), S
dosc levels of either inttiator or promoter b
are ineffective in causing skin tumors.

MYCOTOXIN-MYCOTOXIN SYNERGISV

The progression of fungal flora on agricu!
tural commodities generally includes species o
Fusarium, Penicillivm, and Aspergiliny (13
Fusaritun mycotoxicoses have been attributed
to the presence of metabolites of the triche
thecene group, e.g., T-2 toxin and dincetoxs
scirpenol (4). Characteristically. trichothecene.
elicit a severe irritation and inflammation on
contact with human skin and with test animal-
In a study of svnergism between aflatoxin B
and T-2 in acute toxicity, the LD., values ol
toxin pairs exhibited a distinct increase in
toxicity (47; Fig. 1). The LD.s plotied by
Hewlett's (39) method are presented in Fig. 1:
the decrease in values of the toxin pairs repre-
sents a synergistic response. In addition te
acute toxicities. the interaciion among afix
toxin B,, T-2, and diacetoxyscirpenol was ¢\
amined by the mousce skin tumor test (47)
B, was a tumor initiator; application of &
single 25-ug dose with subsequent croton ol
promotion caused extensive tumor develop
ment. Trichothecenes did not serve as initiat-
ing agents but did exhibit weak promoting
activities on the skin of test mice initiated with
DMBA (47. 55). The trichothecene-induced
skin irritation clearly did not relate effectiveh
to cnhanced skin tumor formation.

Mycotoxicoses of domestic animals have
been attributed to ingestion of feedstufls simul-
tancously contaminated with A. flavus and
Penicillium rubrum (10). Subscquent studics
identificd and characterized two structurally
similar toxins from P. rubrum, named rubra
toxins A and B (117); the substances are nol
carcinogenic but are quite toxic: c.g.. LD.
values below | mg/kg have been observed i
several animal species (61). Rubratoxins ap
pear to be primarily hepatoxing (61, 122).
Studics on the synergistic activity of rubra-
toxin B and aflatoxin B, in rats provided cvi-

g

dence that the lethality of rubratoxin B (2
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Fi6. 1. isobologram for nvo mycotoxins injectcd
intraperitoneally into white mice. Dashed line rep-
resents expecred LDus, assuming additive  re-
sponse; solid line, observed LDus for various
combinations of the vvo toxins (47; Sansing, Lil-
lehoj, and Dewroy, in preparation).

mg/kg, 3 times/week, for 5 weeks) was ex-
pressed only if the animals were fed a sublethal
level of aflatoxin B, (0.2 ppm) during the
trial period (122). However, rubratoxin B did
not appear to potentiate the carcinogenicity of
aflatoxin B,. In an extensive examination of
toxic interaction between dictary aflatoxin (2.5
ppm) and rubratoxin (500 ppm), Wyall et
al. (123) observed effects in broiler chicks.
After 3 wecks on the test ration, the chicks
displayed no synergistic toxic effects in growth
rate, relative organ weights, hemoglobin, serum
cholesterol, and total serum lipid. In a fasci-
wating study with guinca pigs, Richard ct al.
(90) observed the cffects of rubratoxin ulone
and in combinuation with aflatoxin on several
experimental variables. Toxin pairs adminis-

(8]
Lo
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tered orally for 3 weeks increased lethality and
substantiated carlier reports of synergism of
the two substances in acute toxiciy  tests,
Rubratoxin alone reduced complement activity
at 6 ma/day for 3 weeks, whereas at 4 mg/day
no reduction was detected: addition of 0.01
mg of aflatoxin P, to the latter treatment. how-
ever. signigeantly decrcased activity, Levels as
low as 0.03 mg of B,/day decreased comple-
ment. Since mixed mycotoxin cffects involving
rubratoxin have been associated with a hemor-
rhagic syndrome (6). Richard ct al. (90) ex-
amined prothrombin time in treated guinea
pigs. Rubratoxin alonc caused a slight increase
in the prothrombin time; this was significantly
enhanced after treatment with toxin combina-
tions. Rubratoxin-aflatoxin combinations also
reduced growth in both guinca pigs (90) and
infant rats (J. A. Cain. A. W. Hayes. and
B. G. Moore. in preparation). Richard et al.
(89) also investigated the effect of ochratoxin
in combination with aflatoxin on complement
activity, serum protcins, and antibody response
in guinea pigs. No synergistic toxic response
was observed, nor was there significant inter-
action between aflatoxin and antigen in lower-
ing serum atbumin levels.

An intriguing consideration of potential my-
cotoxin synergisms is the interaction between
two or more structurally similar metabolites
that are produced by a fungus simultaneously.
Routinely, 4. flavus produces aflatoxins B, and
B., and A. parasiticus synthesizes aflatoxins
B,, B.. G,, and G. (23, 38, 46). Toxin-
producing strains of both species also elaborate
aflatoxin M (23). Acute toxicity results indi-
cate that the order of potency of individual
aflatoxins is B, = M,;>G,>B.,>G, (121).
Aflatexin G, is hepatocarcinogenic, but higher
doses of G, than of B, are required to initiate
tumors. However, G, is more effective as an
inducer of renal tumors than B, (23, 121).
Aflatoxin M, is approximately as carcinogenic
in trout as B,. Ayres et al. (3) reported the
carcinogenic interaction of B, and B,. Hepa-
toma incidence in trout after 12 months on a
toxin-containing ration was as follows: 4 ppb
of B, 25%; § ppb of B,. 70% : 20 ppb of B..
5% and 4 ppb of B, and 4 ppb of B.. 43%.
There is a distinct synergism between B, and
3. ininducing trout liver tumors.

Reports of the natural contamination of
grains by citrinin, ochratoxin, or penicillic acid
have stimulated work on the toxic interaction
of these mycotoxins (42, 102, 115). The
simultancous  occtirrence  of  ochrutoxin  and
citrinin in naturally contaminated commodi-
ties hus also been observed (42, 105). Fungul
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strains have been isolated that concomitantly
produce cither ochratoxin and citrinin (15, 42,
105) or ochratoxin and penicillic acid (14).
In addition, isolates of the fungus responsible
for the contamination of grains with ochra-
toxin, Penicilliton viridicatum, have also pro-
duced citrinin and penicillic acid (102). In a
study of the interaction cflects of ochratoxin
and penicillic acid in mice. mixtures of the two
mycotoxing produced a synergistic lethal re-
sponse (Figo 10480 G AL Sansing, E. B Lille-
hoj, and R. W, Detroy. in preparation), How-
cver, neither of the toxins functioned as initint-
ing or promoting agents in the mouse skin
tumor test.

When Ciegler, Mintzlafl, and Leistner (per-
sonal communication) administered ochratoxin
plus penicillic acid to rats and quail by intuba-
tion, weight gains were lower and lethality was
higher than anticipated from an additive toxic
response (Tables | and 2). Since Ciegler et al.
(16) had observed that strains of Penicillium
were capable of preducing both citrinin and
patulin, this mycotoxin pair was also examined.
Simultancous addition of the two toxins to
quail yielded results similar to those observed
with ochratoxin-penicillic acid (Table 2); all
the birds given the toxin pairs were dead
within 24 h after treatment, whercas none of

MYCOTONINS

the quail treated with single toxing dicd ...
the samie period. In the chick embivo, .
ual mycotoxins increased lethality, by o
was no significant synergism by tovin TRITS
ochratoxin-penicillic acid and  patalin.cy, -
(Table 3).

In studies of the toxic interaction of och.
toxin, citrinin. and penicillic acid by S
et al. (in preparation). combinations of ¢ T,
ochratoxin and citrinin-penicillic acid cuieed
synergistic lethal response in mice. Thiv .
sponse was expanded by examining the ¢t
of toxin pairs on nucleic acld metiboliag
liver and Kidneys of mice. Generallv, 1o
combinations initiated eflects similar 1o -
independent  functions  of each  miycotow.,
Although penicillic acid alone stimulated 100
nucleic acid (RNA) synthesis in liver, oo
binations with ochratoxin A or citrinin
hibited accumulation of the nucleic acid.

In infant rats, simultancous treatment wiil,
ochratoxin and rubratoxin gave a svaergst.,
response: the LD, of ochratoxin (3.9 myg b
was reduced about 16 times to 0.24 mg Ly in

the presence of 5 mg of rubratoxin 'k,
(LD., = 638 mg/kg: Cain, Haves, and

Moore. in preparation).
Zwicker and Carlton (124) examined the
interaction of the carcinogenic mvecotons

TaBLE 1. Respanse of rats to doses of ochratoxin and penicillic acid®

Mean wt (g) .
E 25-day Deaths
Treatment Day 0 Day 8 | Day 19| Day 25 gain (g) (<)
Control ... 90 131 197 215 125 0
Ochratoxin  ................. 76 85 112 125 49 0
Penicillic acid ............. .. 76 123 148 168 92 0
Ochratoxin <+ penicillic acid . .. 83 84 - —_ 0 100
“From A. Ciegler, H. J. Mintzlafi, and L. Leistner (personal communications). Five rats wei

treated per dose level. Toxins were intubated in 2-ml doses, three times a week. at the following dos
levels: ochratoxin, 1.6 mg: penicillic acid, 44 mg. Toxins were dissolved in 0.1 M NaHCO:.

" All rats died by duay 10 of the trial.

TaBLE 2. Response of Japanese quail (Coturnix japonica) to doses of ochratoxin

and penicillic acid®

Mean wt (g)
PR S e e - 21-day Deaths
Treatment Day 0 | Day 7 | Day 14 | Day 21 gain {g) (7
Control ... ... ... 44 62 73 90 46 4
Ochratoxin ... .. ... ..... 46 54 49 54 8 33
Penicillic acid ............... 47 56 61 84 37 13
Ochratoxin - penicillic acid .. . 46 47 40 N — jou

*From A. Cicgler, H. J. Mintzlufl, and L.

Leistner (personal communications). Fifteen quut! »

treated per dose level, Toxins were intubated in [-mi doses, thres times a week, at the following ¢
leveis: ochratoxin, 0.75 myg; penicillic acid, 5 mg Toxins were dissotved in 0.1 M NaHCO..

YAl test quadl died by day 15 of the trial
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TaniLe 3. Tovicity of mycoroxin combinations 1o the chick embryo”

Deaths/total no. of embryos )
Percent deaths
Treatment Test | Toest 2 (mcean)
¢ antrol o 6702 8/75 10.2
{);};y,\h\\i!l ................. 24/80 2‘/75 29.0
peniciltic acdd oo 18778 16775 222
Gohratonin o penicitlic acid L. 41/80 41/75 529
Comtrol 15780 7/71 14.0
Patulin e 45/80 38/77 52.8
CHTIMIN oo in e 20/80 15/77 22.3
patalin 4 citrinin oo S8/80 69/77 80.9

< prom A, Ciegler, Ho Jo Mintzlafl, and L.

Leistner (personal communication). All toxins were

coecied into the afr sac in 0 f-ml doses of 0.1 M NaHCO: at the following dose levels: ochratoxin,

NAllCO.

deripmatocysting (85) and a diet containing
rice infected with P viridicatum. In mice fed
4 JJict containing 5 ppm of the miycotoxin. the
meidence  of  plumonary tumors was  73%
higher than in controls and 169 higher in test
amimals  on the  fungus-contaminated diet.
However, addition of 5 ppm of sterigmato-
awtin to the P viridication-infected ration in-
duced tumors in only 54% of the animals.

here was no evidence to verify any synergistic
“activity between the two test materials.

Almost all mycotoxin studies have consid-
ered  the toxicity of small-molecular-weight
mietabolites. However, proteinaceous macro-
molecular fungal endotoxins have been de-
seribed (116). In addition, Sansing et al. (96)
wentified  the toxic properties of another
maucromolecular constituent of fungal cells, the

virus-like  particles (VLP) and attendant
double-stranded  RNA (ds-RNA) from P.

steloniferum. The LD., in mice for VLP was
240 mg/kg and for ds-RNA was 34 mg/kg.
Combining ds-RNA with a series of myco-
toxins produced no synergistic lethal effect in
mice. However, administering sublethal levels
of actinomycin D or cycloheximide dramatic-
aly enhanced the toxicity of fungal VLP and
(fs‘RN/\.

In i preliminary test, Ciegler (personal com-
munication) found that rabbits responded more
rapidly and to a greater extent when dosed per
os with a crude extract of tremorgenic toxins
Hargely penitrem A) produced by P. eyclopium
than when dosed with larger quantities of peni-
trem A alone. Wilson et al. (120) also noted
that administration of crude extruacts of tremor-
rens caused a greater toxic response in rats
lh:m.cquivu!cm doscs of pure toxin. The factor
mediating the potentiation of penitrem A tox-
€1y has not yet been elucidated.

penicillic acid, 150 wgt patulin, 4.0 xg; citrinin, 30 pg. Controls received 0.1 ml of 0.1 M

MYCOTOXIN-NONMYCOTOXIN
SYNERGISM

Dicts that led to hepatoma epizootics in
trout contained cottonsced meal. Constituents
of the cottonsced meal were associated with
the tumor induction (23, 46, 106). When
aflatoxin was discovered in the rations, it was
implicated as the primary tumor-inducing fac-
tor, but purified rations with added aflatoxin
did not cause the level of tumor incidence ob-
served when the trout were fed aflatoxin in
untreated meals (43). Since the cyclopro-
penoid fatty acids (CPFA) malvalic and ster-
culic acids occur in cottonseed, these sub-
stances were tested for carcinogenic synergism
(43, 104). A control diet containing 4 ppb of
B, produced a 50% tumor incidence in trout
after 1 year; addition of 56 ppm of CPFA to
the toxic diet induced a 100% tumor occur-
rence. Sterculia foetida oil (49% sterculic and
7% malvalic acids) was the source of CPFA
(43). Increase of the CPFA level to 220 ppm
increased the hepatoma incidence sixfold in
the presence of 4 ppb of the aflatoxin (43). A
4-ppb level of aflatoxin M, induced a 13%
incidence of hepatoma in trout after 1 year;
addition of 100 ppm of CPFA increased the
occurrence to 709¢ (105). Addition of another
cottonseed constituent, gossypol, at 250 ppm
or of 3-methylcoumarin at 50 ppb doubled the
hepatoma incidence in trout on a dict contain-
ing 4 pph of aflatoxin B, (104). Without
aflatoxin, the two synergists did not elicit
tumor formation.

Lec et al. (44) investigated the toxic inter-
action between CPFA and aflatoxin in rats.
After 18 months on a ration containing 18.4
ppb of affatoxin, 59% of the animals had de-
veloped tumors, whereas addition of 220 ppm
of CPFA increased the tumor incidence to
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70% . In a subsequent study (71)0 hepatoma
incidence in rats increased from 41 o 61%
when CPIFA were added 1o a dict containing
100 ppb of aflatoxin B A comparison be-
tween trout and rat shows that CPEFA are more
cffective synergists in trout.

NUTRITIONAL MODIFICATION OF
MYCOTOXIN LEFFECTS

Several faboratories have examined inten-
sively the influence that nutritional status of
test animals has on their susceptibility to my-
cotoxicoses. Newberne et al. (70) observed
that addition of lysine (0.8%) and arginine
(1.0% ) to a basal dicet sensitized ducklings to
the acute toxicity of aflatoxin. They postulated
that increased transaminase and deaminase ac
tivity by the liver could be responsible for the
increased lethality. Foy ct al. (25) emphasized
the importance of diet in potentiating the
effect of toxic insult in animals. They demon-
strated a similarity in the response of baboons
to pyridoxine deficiency and aflatoxin-induced
toxicity and proposed that the two functioned
synergistically in eliciting liver damage. Since
reduction in pyridoxine probably impairs the
capacity of cells to carry out trans- or deami-
nations, loading these activitics may enhance
the toxic effects of aflatoxin,

Madhaven et al. (54) examined the effects
of aflatoxin by fecding monkevs a diet con-
taining 4 or 20%% protein. All the test animals
given 100 pg of aflatoxin/day on the low-
protein dict died within 30 days with charac-
teristic liver lesions, whereas animals on the
high-protein ration were protected. In similar
studies with weanling rats, the animals on low-
protein diets were sensitized to the acute tox-
icity of aflatoxin, but they exhibited a higher
incidence of liver tumors than animals on the
209% protein ration (53). On the other hand.
Newberne et al. (64), as well as Newberne
and Wogan (69). observed that rats treated
with 375 ug of aflatoxin B, on a 9% protein
diet had a higher incidence of tumors in a
shorter time than rats on a 22% protein ration.
Marcos and Lcbshtein (56) studied the cffect
of aflutoxin on chickens being fed rations con-
taining four different levels of protein. They
observed that aflatoxicosis was more severe at
the lower protein concentrations and proposcd
that protein malnutrition predisposed the birds
to the toxic cffects of the mycotoxin. Smith
et al. (107) reported that a ration containing
30% protein gave broiler chickens essentially
complete protection against a S-ppm level of
aflatoxin.

Newberne et al. (64) investigated the effects

on rats of stimultancous feeding with cthioe..
and aflatoxin. The amino acid at 0270 o
dict acted as a carcinogenic synergist wit,
ppm of affatoxin B,. On the other hand, .,
tancous feeding of urethane, a known car o
gen, at 0.1 1o 0.6% of the dict with 0.4 1.
ppm of B, restricted tumor development (o
Other substances (phenobarbitone, DIy
exhibit a protective effect in aflatoxin-myed, .,
toxicities (31, 50, 51).

The association of fatty liver and cirili
with fiver toxins stimulated investications .
how aflatoxin would afleet vats fed o np
tropic-deficient diet. Newberne et al, (64, o7,
sclected a low-lipotropic diet containing a b
20G¢ protein ration with 0.1 pi-methionn:.

and 0.1% choline chloride, whereas 11,
lipatrope-supplemented  ration  contained  the
same  protein  constituent  with  0.67

methionine. 0.6% choline chloride, and o -
of vitamin B,./kg. During the first 2 weeks.
240 pg of aflatoxin B, was administered o
cach test rat. After 1 year on the low-lipotrop:
diet, 5 of 17 animals developed liver care:
noma, and the remainder had histologicnd
changes indicative of prencoplastic chunges
Liver carcinoma was not found in the animul,
on the high-lipotropic diet treated with ident

cal levels of aflatoxin. Subsequent studies (92

94) showed that lipotropic deficiency pro
tected rats against lethal doses of aflatoxin bus
increased the susceptibility to aflatoxin-induced
liver tumors.

The aggregate response to the interaction o!
light. dietary constituents, and toxins has buen
investigated. Photosensitization of animals and
humans is a serious economic problem in arcas
where ingestion of photoscnsitizing substancues
leads to discase characterized by skin necrosis
(76). Sporodesmin, a product of Pitlhoniyees
chartarim, is an extensively studied photosen
sitizing mycotoxin: the disease associated with
it is called facial cczema and occurs princt
paliy in sheep and cattle (88, 113). Sporodes-
min, a hepatoxin, produces severe occlusive
damage to the bile duct system and. subw-
quently, causes photosensitization due to o
failure of the damaged liver to remove phylie-
erythrin from the blood. A phototoxin syt
drome has also been identified in mice after
ingestion of rice cultures infected with P.oviri
dicatum (9); this phototoxicity was alvo
tributed to liver damage. Newberne ct al. (63
examined the toxic interaction of light. vita
mins. and aflatoxin in rats. Carotene and ribo
flavine were selected for testing, since these
substances  are  photoreceptive  agents. Ath
toxin absorbs light at 363 nm, but the phote
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chemistry of the toxin has not been extensively
dudied (230401, Rats exposed for 2 h to light
after toxin treatment exhibited enhanced sus-
ceptibility o aflatoxing light plus riboflavine
wnergistically increased the allatoxin-medinted
raxicity, but carotene provided protection from
the light-toxin interaction. A similar allatoxin-
mediated  phototoxicity has been observed in
cultures of Paramecium (109),

Reddy et al. (87) recorded the eflect on
rats of a dictary deficiency of vitamin A,
Males on the vitamin-deficient ration exhibited
a distinet increase in the susceptibility to liver
Jamage and lethality expressed by a single
dose of aflatoxin. Newberne and Rodgers (60)
studied the effects of vitamin A on tumor in-
duction in rats. Aflatoxin-induced liver car-
cinomas were observed at a frequency antici-
pated from earlier studies without significant
vitamin A effects. However, 11 of 260 animals
exposed to allatoxin developed colon carci-
nomas, generally in association with the low
levels of dietary vitamin A. In related work
with vitamins and aflatoxin-induced discase,
Hamilton and Garlich (35) found that sup-
plementing rations with choline, inositol, vita-
min B,,, and vitamin E did not reverse the
fatty liver syndrome in chickens induced by
aftatoxin.

Pyrrolizidine alkaloids are hepatoxins nat-
urally occurring in several plant species (100).
Studies conducted in 1972 showed that the
alkaloids are carcinogenic in rats (111). After
an examination of the interaction of lasiocar-
pine. a pyrrolizidine alkaloid. with aflatoxin,
Reddy and Svoboda (86) observed that the
alkaloid did not inhibit aflatoxin-induced for-
mation of liver tumors but that the toxin pair
initiated a pathogenic pattern which was dif-
ferent from the one clicited by aflatoxin alone.

Dietary lipids have been described in terms
of their function in aflatoxicosis (121). Par-
ticularly interesting studies by Hamilton and
his colleagues have shown that increasing the
lipid component of a broiler chicken ration
from 2 to 169 decreases the toxicity of dietary
aflatoxin (5 ppm) to control levels (107).
They proposed that a high-lipid dict could
prevent absorption from the gastrointestinal
tract. Subsequently. a similar sparing cffect of
high-lipid diets on aflatoxin-induced lethality
was observed in turkey rations (37).

Another aspect of mycotoxin-mediated tox-
icity and interaction with the environment is
the increased stress on animals ingesting the
toxins; gencrally, this stress is reflected in
reduction of growth rate, inefficient feed con-
versions, and increase in discase rate. Scveral
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studies of mycotoxicoses in domestic birds sug-
pest the predisposal of hirds ingesting. myco-
toxins 1o Salmonclla infections (103 108),
Investigation of dictary T-2 toxin and mor-
tality rates in chickens having  paratyphoid
infections revealed that neither factor alone
causes extensive lethality. but a combination
of the two significantly increases mortality
(B. Boonchuvit, P. B, Hamilton. and H. R.
Burmeister, in preparation). This work sug-
eests that the inflammatory and irritant action
of T-2 toxin toward the gastrointestinal tract
reduces the natural barriers (o invasion by
Salmonella. Other studics demonstrated  that
affatoxin-contaminated feed made birds more
susceptible to low temperature, drinking water

containing 1% NaCl. and certain discase
symptoms associated with Candida  albicans
infection (36). Decreased resistance was at-

tributed to a dramatic immunosuppression ob-
served in hirds consuming aflatoxin (114).
Discases related to aflatoxin toxicity have also
been linked to interaction of the mycotoxin
with viral infections (49, 110) and to a dis-
order of humans of unknown etiology called
Reye's syndrome that is characterized by en-
cephalopathy and fatty degeneration of viscera
(7, 24).

HORMONAL MODIFICATION OF
MYCOTOXIN EFFECTS

Zearalenone, or F-2, a product of several
Fusaritun spp.. has estrogenic propertiecs. A
typical response of animals ingesting feed con-
taminated with F-2 involves primarily changes
in the genital tract (60). Zearalenol, a deriva-
tive of zearalenonc, is used under controlled
conditions to promote becf cattle growth and
as a therapeutic agent to alleviate postmeno-
pausal discomfort (60). Zearelenone functions
directly as a hormonal agent.

The interaction between aflatoxin and the
hormonal system of test animals appears to be
somewhat more subtle than the zearalenone
effect. Preliminary intercst in the aflatoxin
effecct on hormonal activity developed from
consistent observations that male test animals
were more susceptible than females to the
toxicity of the mycotoxin (23, 69). Goodall
and Butler (29) found that hypophysectomized
rats did not develop liver tumors after inges-
tion of aflatoxin (4 ppm of B,): lower levels of
the toxin induced liver tumor formation in all
control animals. Earlier, others had shown
that hypophysectomization inhibited liver tu-
mors elicited by azo dyes and aminofluorenes
(30). Apparently, these liver carcinogens re-
quire metabolic activation before they interact
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with the reeeptor site involved in the initial
carcinogenic event(s).

Addition of dicthylstilbestrol to an aflatoxin-
contaminated ration also iphibited  carcino-
gencsis in male rats (68). The incidence of
liver carcinoma induced by aflatoxin was 715
compared with only 20% in animals ingesting
the diet amended with the synthetic estrogen.
Paired-feeding results showed that the differ-
ence between the occurrence of tumors could
not be attributed to variations in feed intake.

Madhaven (352) sought the effect of the
steroid prednisolone on aflatoxin toxicity in
rats fed low-protein (5% ) and high-protcin
(20%¢) rations. He observed no significant
histological changes in livers of animals on the
high-protein plus aflatoxin dict. Rats on the
low-protein plus toxin ration developed typical
liver lesions. However, in the presence of pred-
nisolone. there was a marked inhibition of
aflatoxin-induced bile duct proliferation and
fat accumulation in the liver.

Cardeilhac and Nair (12) extended the
study of endocrine involvement in aflatoxin-
mediated carcinogenicity. The effect was de-
termined in castrated maic and female rats of
a total dose of 2.15 mg of aflatoxin B,. Acute
toxicities were highest in uncastrated animals,
and all survivors in the group had hepatomas
13 months after the test began. No liver tumors
were observed in aflatoxin-treated. castrated
rats or in the control animals that werc not
treated with toxin. This study also provided
evidence that subcutaneous injection of CCI,
increased the acute toxicity and carcinogenicity
of aflatoxin.

Righter et al. (91) compared the effect of age
and scxual status on susceptibility of rats to
aflatoxin. In 12-weck-old males after 2 wecks
on a ration containing 12 ppm of aflatoxin, the
mortality rate was 75 to 100%. However.
prepubertal males (5 weceks old) ingesting the
same ration had no signs of toxic stress. If
castration was performed before 10 weeks of
age. a 100% sparing cflect was observed.
Treatment of the castrated animals with ftes-
tosterone restored sensitivity to aflatoxin.

MECHANISM OF MYCOGTOXIN
SYNERGISM

Many drugs, environmental chemicals, and
endogenous cellular metabolites (c.g., steroid

hormones, thyroxin, and bilirubin) are chemi-
cally modificd by processes associated with
microsomes located in the endoplasmic reticu-
lum of liver cells (17, 18). One of the primary
enzymatic reactions of the microsomes is a
mixed function oxygenation (19, 40, Fig. 2).
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Reducing equivalents for the reaction are
vided primarily by reduced nicotinumii.
adenine dinucleotide phosphate, but rediced
nicotinamide adenine  dinucleotide can ol
provide clectrons. Cytochrome P, serves
the terminal axidase. The oxidized form of the
hemoprotein (P_ ., * #) binds the substiian
and undergoes a onc-clectron reduction. The
reduced enzyme-substrate complex combine.
with molecular oxygen. Addition of a sccond
clectron Ieads to an oxidized substrate und
water.

Current theory of chemical carcinogeiiens
requires that the carcinogen react with critic!
cellular molecules (59). Although no common
structural feature is associated with all
cinogens, clearly, most of them are
olized to reactive intermediates that e
clectrophilic; microsomal enzymes arc respoi
sible for this activation. The electrophilic intu:
mediates combine with nucleophilic (electron
rich) groups in proteins and nucleic wcids
through covalent bonds. Since neoplasms aiv
characterized by an absence of growth control.
apparently the ultimate carcinogen must bl
to target macromolecules involved in the
formational aspect of growth control hefoie
the carcinogenic process can be initiated.

It has been proposed that aromatic con-
pounds arc metabolized in higher organisine
to phenols, dihydrodiols, and glutathione con-
jugates through intermediate formation o
cpoxides (arene oxides; 21, 41). The dihydro:
diols may be cither conjugated with glucuromn
acid or converted, like catechol. to guaicol b
the action of catechol-O-methyltransferis
(Fig. 3). Epoxide hydration is mediated by an
epoxide hydrase in liver microsomes: fiver o
zymes also have been identificd that catabyzv
glutathione conjugation to the oxides 21
Products of microsomal processing have
isolated from urine of test animalst the NUL
stances appear to he harmless 1o the hast. 1o
addition to undergoing deactivation reaction®.

metal

been
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the arcne oxides and K-region epoxides are
active electrophiles and readily form covalent
bonds with cellular nucleophiles. such as pro-
teins and nucleic acids. It has been proposcd
that the epoxides or arene oxides are the ulti-
mate carcinogens (59).

Several hundred drugs, insecticides, carci-
nogens, steroid hormones. and other substances
have been identified as stimulators or inhibitors
of micrasomal enzyme activity (18). Adminis-
tration to rats of benzo(a)pyrene or other
structurally similar, carcinogenic, polycyclic
hvdrocarbons increases microsomal hydroxy-
lase activity. Enhanced metabolism of benzo-
(a)pyrene is reflected in increascd biliary ex-
cretion of related products and a decreased
level of the carcinogen in blood and other
tissues (18). Inhibition of microsomal uctivily
by curbon tetrachloride. B-dicthyl-aminocthyl-
propvlaccetate (SK  525-A), and piperonyl
butoxide increases the toxicity of the poly-
eyclic hydrocarbon (18, 21). Variation in

microsomal activity can also have dramatic
effects on the hormonal status of test animals
since  hydroxylation of steroids is mediated
by the same system that metabolizes drugs and
environmental chemicals.

In addition to the interaction hetween drugs

)
(]

or environmental chemicals and  microsomal
fevels, other factors are involved. Microsomal
enzyme induction is related to the nutrition of
test animals. Protein deficiency reduces both
microsomal  protein and induction  potential
(1), whereas certain Tipids in the diet govern
the extent of microsomal induction (57), Car-
cinogenic  synergism between  eyclopropenoid
fatty acids (CPFAY and aflatoxin may also
reflect an interaction between the substances
in microsomal metabolism: for example, CPTA
inhibit the microsomal-mediated  desaturation
of stearic to oleic acid (43).

Increase of microsomal enzymes  requires
deoxyribonucleic acid (DNA)-dependent RNA
synthesis and protein production. Substances
that modily transcription, translation, or ag-
gregation could change the actual number of
functioning microsomes (17, 18). In addition,
the rates of microsomal enzyme activity can
also be modificd by certain compounds with-
out quantitative increase in enzyme concentra-
tion (11); the change resembles allosteric
alteration. Marshall and McLean (57) have
suggested that an endogencus cellular factor
normally inactivated by microsomes serves as
the inducing agent for synthesis of microsomal
components. When other substrates compete
with the factor for common enzyme sites on
the microsomes, levels of the inducer increase
and the induction process increases. A satisfy-
ing model of microsomal regulation can he
developed with steroid hormones as endoge-
nous inducing factors: the substances could
effectively balance basal induction of micro-
somes with steady-state control based on com-
petition with other compounds in the cellular
milicu for active sites on the catalytic complex
(Fig. 4).

In vivo microsomal activity is difficult to
predict: it is questionable whether the net
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cffect of an increased rate of mctabolism cither  (Fig, 6): () O-demethyvlation to Ph

will produce o decrease in toxicity via en-  derivative—-P, (20),0 ) hvdration o 1
hanced destruction of the toxin or will aug-  vinyl cther double bond of the furan (o -,
ment toxicty caused by an increase in the  the 2-hydroxy derivative—B., (73, ouy

formation of the active intermediate(s). Sev- (i) addition of a hydroxyl group o (e |

cral factors influence the net toxicity of o bhon g to the carbonyl on the evclopentor. .
substance: (1) rate of absorption from the  ring—Q, (88). Patterson and Robepe (7o
intestinal tract into the blood stream, (i) have identified a soluble liver enzyvme thay .
transfer rate from blood into cells of specific duces the carbonyl on the evelopentenong
tissues, (1) Kinetics of binding to microsames  an aleohol, aflatoxicol (22).
and conversion rate, (iv) binding rate of toxic Induction of microsomul enzyme activin
intermaediate 1o eritical tareet molecules, and  phenabarbitone and DDT reduces the 1o, o
(v) rate of toxicity expression of the toxic  of aflatoxin in rats (31, 30, 51). Schabort .o
intermediate-target - molecule  complex (280 Steyn (98) observed that livers of rais dowe,
Fig. 5). with cither phenobarbital or aflatoxin B, ¢
In carly studics with aflatoxin B, metabolism hibited  microsomal  aflatoxin-4-hydron
in test animals. a fluorescent hydroxylated (M) activity 2.3 and 3.5 times hisher th.r
metabolite, aflatoxin M. was found in milk. controls. On the other hand, Gurtoo
urine. and feces (23, 46). Structural charac-  Campbell (33) found that 3.4-benzpyrene
terization showed that M, was hydroxylated on  duced microsomal enzyme synthesis but (e
the bridgehead carbon of the bifuran (23). aflatoxin did not; both compounds incre
Conjugates of M, were observed in urine and  the enzyme activity in situ. They attribu
bite of test animals (3). Further studies (72, the absence of microsomal enzyme synthesis i
73, 81.938) verified that liver microsomes from  the presence of aflatoxin to inhibition of trun
several species were capable of converting B,  scription by the toxin. The apparent discrep
to M,. Subsequent reports have described ad-  ancy in observations is reminiscent of the
ditional  microsomal hydroxylations of B, condition described by Pollack (80) in actine
' mycin D-mediated induction of peniciliinus.
Kembrane R . . . S s
damaze synthesis in Bacillus licheniformis. The ob-
] HECISSIS served stimulation of the inducible enxyme b

W

Covalent

Rigrosome

or nugleic Hetation . . .
acit Terztogenesis low levels of actinomycin D, a transcription
Carcinegenesic | inhibitor, was attributed to a preferential bind
epxice : = \ ing of the compound to the regulator gene and
intermegiate Pmmmm——— O:hydrodisis | - - R4 ; :
Bydrogenase  procor Prucessing zn release of the structural gene from repression.
e etign ‘ H
Conpase  Glutathione ercretior When regulator genes were saturated, in-
tenjugates cer . . .
‘“’ crcased quantities of actinomycin associated
Fi. 5. Proposed mechanisms for conversion of ~ With structural genes and blocked penicillina
reactive inicrosomal intermediates. production. The analogy between the activit:
9 0 00 0 0
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|
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Fra. 6. Structures of aflatoxin By and derivatives.




MYCOTOXNIN

L setinomyein D and wlatoxin is appropriate
Cece the function of the two substances is
ot similar, particularly in inhibition of tran-
\:;z;\ﬁtm (:3)~

Sohoental (101 proposed that the reactive
gmediate of aflatoxin B, was an c¢poxide
aed acrass the 2.3 double bond of the
werminal furan, Garner (26) and others (112)
crovided evidence for the 2.3 cpoxy aflatoxin
lH in microsomal conversion of the toxin and
Gowed that liver preparations catalyzed bind-
ae of B, of RNA in vitro (Fig. 7). The double
td of the B, furan appeared (o be an im-
portant structural characteristic for cpoxide
(ormation since aflatoxin B.. the 2.3 dihvdro
Jderivative. did not bind to nucleic acid in the
microsomal activation test. In a perceptive
«udy of the effect of liver microsome prepara-
tans phus aflatoxin B, incubated in the pres-
ence of viable cells of Salmonella, Garner et al.
27y found that cells were killed rapidly: 99%%
o1 the cells were dead after a 2-min incubation.
ihis lethality was attributed to the active
smrermediates(s)  of B, metabolism.  Subse-
gquently, Ames et al. (2) developed a mutagen
test systemy using liver microsomes and a set
ol Salmonelle  strains,  Microsomal-activated
mtermediates of aflatoxin By, sterigmatocystin,
and other earcinogens were all mutagens (2).

The actual binding of tritiated aflatoxin B,
o macromolecules in vivo was explored by

By

0CH;
{0}
Hicrosomes

i} By-2,3-0xide

0
Hucleaphilic
Sites in
RHA
HO

RHA
[—0— >H—] O
RHA-bound By

5:1(.‘-, 1. Proposed mechanism of binding of afla-
fovin B cpoxide intermediates 1o RNA (26, 112).

SYNERGISM

]
§%
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Lijinsky et al. (45). Maximal incorporation of
radioactivity i DNAT RNA, and protein was
observed in diver from 6 to I8 h after toxin
administration. The isotope was detected in
cellular constituents up to 8 weeks alter treat-
ment. There was no apparent correlation be-
tween binding by macromolecules and  the
carcinogenic process. The influence of micro-
somal processing of aflatoxin on informational
enzymes has also been evaluated. Activity of
deoxyribonucleases  of rat and mousc liver
increased after in vivo treatment with aflatoxin
(77.78). On the other hand. both in vivo and
microsome-containing  in vitra systems  with
aflatoxin B, inhibited certain RNA polvmerase
activities (1, 62, 95).

Further studies of species differences  in
aflatoxin metabolism led to the discovery in
avian and rabbit liver of an enzymatic func-
tion that reduced aflfatoxin B, to aflatoxicol
(72, 74). Since the reduction was reversible,
Patterson and Roberts (72) proposed that the
B,-aflatoxicol reaction provided for an afla-
toxin reservoir within liver cells before micro-
somal processing. These workers postulated a
slightly different mechanism  of microsomal
activation of B,: they suggested that the
hemiacetal. aflatoxin B.,. is the toxic inter-
mediate (73, 74). Their provocative proposal
is bascd on the reactivity of the dialdehyde
form of B., particularly in forming Schiff
bases with free amino groups of proteins (Fig.
8). Schabort and Pitout (97) also provided
evidence for covalent binding of B., to pro-
teins. Since the hemiacetal is unstable at physi-
ological pH (79), it may represent an intra-
cellular reactive intermediate. Gurtoo (32)
and Gurtoo and Dahms (34) observed that a
microsomally mediated intermediate of afla-
toxin B,, provably B,,, binds covulently to
microsomal protein.

While looking at the cytoplasmic reduction
of B, to aflatoxicol, Patterson and Roberis
(75) found that 17-kctosteroid sex hormones
inhibit the reaction: such an iateraction could
be an important aspect of the cellular response
to aflatoxin (Fig. 9). Williams et al. (118,
119) studied the relationship between aflatoxin
binding and ribosome-membrane association.
They observed an aflatoxin-mediated detach-
ment of ribosomes from rough endoplasmic
reticulum. The attachment site of the toxin was
identificd as the steroid-dependent ribosome
binding site. Aflatoxin inhibited the ability of
steroids to promote polysome binding to endo-
plasmic reticulum membranes.

The enhanced resistance of female rats to
affatoxin has been attributed to an increased
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sase.

rate of microsomal conversion of B, (82). Al-
though M, is only one of several metabolic
products of B, tissue levels of the 4-OH
derivative have been studied as an indicator of
e rate of B, detoxification (73, 82. 84).
Higher levels of M, have been observed in
srgans of female rats than in similar tissues of
males: the sex diffcrence is eliminated by
castration (83). However, administration of
«pecific horniones to animals did not signifi-
cantly change tissue levels of M,. Purchase
and Steyn (83) suggested that hormonal effects

Kucleus DA bindisg
tlecks lsanscriplisn

[ Sterond

tnnding
site
L]
Reaclive Py
wtermediate 8,

. "
s a0y \ B

N/;jmup

Sa

Ergoplasmic
YT reticulum R Micosame

Miztonicel

FiG. 9. Proposed mechanisms of oflaroxin B,
reaetion in liver cells (75).

may be nonspecific: e increased microw, o
activity in female Hivers may represent inl,

ently higher endogenous levels of seroide

attendant microsomal aclivity in the m;:.lf
rats than in males.

Although cellular processes involved iy oy
pression of mycotoxin synergisms are complos
the growing understanding about reactions .
sociated with microsomal metabolism will .
vide the fundamental ingredients for o futuse
comprchensive explanation. The response
biological systems to mycotoxins, coupled wi
the larger spectrum of environmental cheny
cals, is a profitable arca of inquiry. Hopefully,
both vitality and quality of current work « i
be sustained.

LITERATURE CITED

. Akinrimisi, E. O. B. }. Benecke, and K. 1
Seifart. 1974, Inhibition of ratdiver RNA
polymerase in virro by aflatoxin B, in the
presence of a microsomal fracton, Fur. 1
Biochem, 42:333-339.

2. Ames. B. N, W. E. Durston, E. Yamasuki, and
F. D. Lee. 1973, Carcinogens are mutigens:
a simple test system combining liver hon
nates for activation and bacteria for detec
Proc. Natl Acad. Sci. US.A. 70:2281-20x°

3. Ayres, I L. D. 3. Lee. J. H. Wales, and #. O
Sinnhuber, 1971, Afiatoxin  structure  and
hepatocarcinogenicity  in  rainbow  troui, L
Natl, Cancer Inst. 46:361-564.

Bamburg, J. R., and F. M. Suong. 1971, 1
Epoxytrichothecenes, p. 207-292. In S, Kudis
A. Ciegler, and S. J. Ajl (ed.). Microbiu
toxins. vol. 7. Academic Press Inc, Nuew
York.

5. Bassir, O., and F. Osivemi. 1967. Biliary excre
tion of aflatoxin in the rat after a single dow
Nature (London) 213:882.

6. Blevins, D. 1. M. W. Glenn, A, H. Hamd:
T. F. Brodasky, and R. A, Evans. 1969, My
toxicosis associated with hemorrhagic entere
colitis and abortion in swine. J. Am. Vet
Med. Ascoc, 154:1043-1050.

7. Bourgeois, C.. L. Olson, D. Comer, H. Fvan
N. Keschamras, R. Cotion, R. Grossman,
T. Smith. 1971, Encephulopathy and faity de-
gencration of the viscera: a clinico-pathoiogi
analysis of 40 cases. Am. 1. Clin. Pathol. 361
558-565.

8. Boutwell, R. K. 1964. Some biological aspects of
skin carcinogenesis. Prog. Exp. Tumor Re.
4:207-250,

9. Budiarso, 1. T., W. W. Carlton, and 1. T~. 'I'm'U:.
1970. Phototoxic syndrome induced in mie
by rice cultures of Penicillium viridicason
and exposure to sunlight. Pathol. Vet 7:531
546. )

10. Burnside, J. F., W. L. Sippel, 1. Forgacs, W. {
Carll. M. B. Atwood, and E. R Coll, 19:‘/-
A disease of swine and cattle catsed by valing
moldy corn. Am. J. Vet. Res. 18:817--824.

11. Campbell, T, C., H.o Lo Gurtoo, Ro S, Portmes
and M. U. K. Mgbodile. 19720 Influence o

Cenvironmental factars on  mycotoxin taxiat
as cvidenced by studies with aflatoxing Clin
Toxicol. 8:517- 5246,

:{:.
t




14,

24

MYCOTOXIN

Cardetlhac, Podo and KO PO Co Nan 19720 In
Ribitieon by castiation  of - aflitovin-induoced
hepatoma i carbon tetrachlonde-tieated rats,
Fanvieol. Appl. Pharmacel, 260393 397,

Christensen, C0 MU T9eS Tranes i cereal prains
amd their products, po 91 Te Gl N Wopan
(ed. ). Mycotonine in feedstufis, MIT Press,
Cambridae.

Cregler, A 19720 Bioproduction of ochiatoxin A
and penicitiic acid by membeis of the olspes-
cilluy ochraceas group, Can, L Microbiol, 21
6310630,

Cicler, AL DU L Feonelll Go AL Sansing, RUW,
Detrov, and G AL Bennett, 1973, Mycotoxin-
producing strains of  Penicillivm viridicatiom:
clasfication o suberoups, Appl. Microbiol,
20:271. 278

Ciegler, AL T30 Mintzlaff, Wo Machnik, and
L. Lestner. 19720 Untersuchungen diher das
Toxinbhildungsvermogen  von  rohwursten  iso-
lierter Schimmielpily der Gattung Penicillinm,
Fleischwirtschaft 82:1311-1318.

Conney. A, Ho 1967, Pharmacological implica-
tions of microsomal ¢nszyme induction, Phar-
macol. Rev, 19:317-325,

Conney. A T, and I ). Burns, 1972, Metabolic
Wmicraction  among  cnvironmental  chemicals

and drugs, Science 178:576-386.

Correia, M AL and G Jo Mannering, 1973, Re-
duced diphosphopyridine nucleotide synergism
of the reduced triphosphopyridine nuclcotide-
dependent mixed function oxidase system of
hepatic microsomes. 1. Effecis of activation
and inhibition of the fatty acyl coenzyme A
desaturation system. Mol Pharmacol. 9:455-
469,

Dalezios, I 1. G N, Wogean, and S. M. Wein-
reh. 1971 Aflatoxin Pyt a new aflatoxin metah-
olite in menkeys. Science 171:584-385,

Daly, J. W, D, M. Jerina, and B, Witkop. 1972,
Arene oxides and the NIH shift: the metabo-
lism, toxicity, and carcinogenicity of aromatic
compounds. Experientia 28:1129-1264,

Detroy, R. W.. and C. W. Hesseltine. 1970.
Aflatexicol: structure of a new transforma-
tion product of aflatoxin B,. Can. J. Biochem.
48:830~833,

Detroy, R. W., E. B. Lillchoj, and A. Cicgler.
1971, Afiatoxin and related compounds, p.
3-178. In A. Cicgler, S. Kadis, and S. J. Ajl

(ed), Microbial toxins, vel. 6. Academic
Press Ine., New York.
Dvorackova, 1., F. Brodsky, and J. Cerman.
1974, Aflatoxin and  encephalitic  syndrome

with fatty degeneration of viscera. Nutr,
Int. 10:89-100.

Foy, H., T. Gilimzn, A. Kondi, and I. K. Pres-
ton, 1966, Hepatic injuries in riboflavin and
pyridoxine  deficient  baboons—possible  rela-
tions to  aflatoxin-induced  hepatic  cirrhosis
and carcinoma in Africans. Nature (London)
212:150-153,

Gurner, R, C. 1973, Chemical evidence for the
formation of a reactive aflutexin B, metaholite,
by hamster liver microsomes. FEBS Lett. 36:
261-264.

Guarer, R, C, B C.

2ep.

Miller, and 1. A. Miller.

1972, Liver microsomal metabolism of afla-
toxin B, 1o a jeactive derivative toxic to
Salmonelle  ryplimurivn: TA 1530, Caneer

Qes, 32:2088-2006,
Giallette, J. R. 1974, A perspective on the role of
chemically  rcactive  metabolites of  foreign

SYNIRGISM

29,

RN

s
]

40.

43.

355

componnds in o toxicity, Biochem, Pharmacpl.
232785 2740

Goodall, Co Mo and W 1T Buder.
tonin carcinogenesis: inhibition of
cer induction i hypophysectomized
J. Cancer 2422429,

Gritting A, C.o AL P Rinfrer, and Vo FL Corsiglia,

o0, Atla
liver can-
rats, nt.

1953, The inhibition  of Hver  carcinogenesis
with  Y-methyl-d-dimethylaminoasobenzene i
hypophysectomised  rats. Cancer Res, 13:77-
79.

Gumbman, M. R, and S. N, Williams, 1970, The
cficet of phenobarbitad pretreatment on the
ability of aflatoxin B, 1o inhibit RNA synthe-
sisoin rat liver. Biochem. Pharmacol, 19:2861-
2867,

Gurieo, TLFo 1873 On the binding of aflatoxin
B, and v metabolites to hepatic microsomes.,
Biochem. Biophys, Res. Commun, 50:649-635,

Gurtoo, M. Lo and T, C. Campbell. 1970, A
kinctic approach to a study of the induction
of rat liver microsomal  hydroxylase  after
pretreatment with  3,4-benzpyrene and  affa-
texin B, Biochem. Pharmacol, 19:1729~1735.

Gurtoo. H. L., and R, Dahms. 1974, On the
nature of the binding of aflatoxin B, to rat
hepatic  microsomes. Res. Commun,  Chem.

Pathol. Pharmacol. 9:107-118.

Hamilton, P. B., and J. D. Garlich. 1972. Failure
of vitamin supplementation to alter the fatty
fiver syndrome caused by aflatoxin, Poult. Sci.
51:688-692.

Hamilton, P. B., and J. R. Harris. 1971, Inter-
action of aflatoxicosis with Candida albicans
infections and other stresses in chickens. Poult.
Sci. 50:906-912,

Hamilton, P. B, H. Tung. 1. R. Harris, J. H.
Gainer, and W. E. Donaldson. 1972, The
effect of dietary fat on aflatoxicosis in turkeys.
Poult. Sci. 51:165~170.

Hesseltine, C. W., O. L. Shotwell, M. Smith,
J. 1. Elis, E. Vandergraft, and G. Shannon.
1970. Production of various aflatoxing by
strains of the Aspergillus flavus series, p. 202~
210. In M. Herzberg (ed.), Proc. First U.S.-
Japan Conf. on Toxic Microorganisms. Un-
numbered Publication, U.S. Department of
the Interior and UINR Pancls on Toxic
Microorganisms, Washington, D.C.

Hewlett, P. S 1969, Measuremcent of the poten-
cies of drug mixtures. Biometrics 25:477-487.

Hildebrandt, A, and R. W. Estabrook. 1971.
Evidence for the participation of cytochrome
b, in heputic microsomual mixed-function oxi-

dation reactions.  Arch. Biochem. Biophys
143:66-79.

Jering, D. M. 1974, Chemical and biological
factors  that control toxicity and carcino-

genicity of arene oxides, p. 289-308. In P. O.
P. Ts'o and J. A. Dilaolo (ed.), Chemical
carcinogenesis.  Marcel  Dekker, Inc, New
York.

Krogh, P.. B. Hald, and E. J. Pedersen, 1973.
Occurrence of ochratoxin A and citrinin in
cereals  associated  with mycotoxic  porcine
nephropathy. Acta Pathol. Micrebiol. Scand.
Sect. B 81:608Y-643,

Lee, DX, 50 ML Wales, J. L. Ayres, and R, Q.
Sinnhuber. 1968, Syncigism between  cyclo-
propenoid fatty acids and chemical carcino-
gens in o ruinbow  trowt  (Salmo  gairdneri).

Cancer Res. 28:2312-2314.
fee, DO, L

H. Wiles, and R, O. Sinnhuber.




47.

48.

49.

w
I~

n
o

wn
)

58.

60,

61.

62.

MYCOTOXNINS

909, Hepatoma and tenal tubule adenoma in
rats fed  aflatonin and  ovelopropenoid  (atty
acid. 1o Natl Cancer Inst 3:1037 10444,

Lijinsky, W0 K. Y, Leeo and Co HL Gallagher.
1970, Interaction of affatonin B, and G, with
tissues of the rat. Cancer Reso 30:2280-2283,

Lillchoj, 15 B, AL Cicgler, and ROW, Detroy.
1970, Fungal tonins, p. =135 In Vo R, Blood
(cd.). Essays in toxicology, voll 20 Academic
Press Inc., New York,

Lindenfelser, 1. AL E. B. Lillehoj, and H. R,
Burmeister. 1974, Aflatoxin and trichothecene
toxins: skin tumor induction and  synergistic
acute toxicity in white mice. J. Natl. Cancer
Inst. 82:113-116.

Lindenfelser, Lo AL 14 B Lillchoj, and M. S,
Milburn. 1973, Ochratoxin and penicillic acid
in tumerigenic and acute toaicity tests with
white mice. Dev. Ind. Microbiol. 14:331-336.

Louria, D). B., G. Finkel, J. K. Smith, and M.
Buse. 1974. Aflatoxin-induced tumors in mice.
Sabouraudia 12:371-375.

Mclean, A, E. M. and E. K. McLcan. 1967,
Protein depletion and toxic liver injury due

to carbon tetrachloride and aflatoxin. Proc.
Nutr. Soc. 26:xiii.
McLean, A, E. M., and A. Marshall. 1971, Re-

duced carcinogenic cffects of aflatoxin in rats
given phenobarbitone. Brit. J. Exp. Pathol.
52:322-329,

Madhaven, T. V. 1967. Effect of prednisolonc
on liver damage in rats induced by aflatoxin.
J. Pathol. Bucteriol. 93:443-447.

Madhaven, T. V., and C. Gopalan. 1968. The
cffect of dietary protcin on carcinogenesis of
affatoxin. Arch. Pathol. 85:133-137.

Madhaven, T. V., K. S. Rao, and P. G. Tulpule.
19635, Effects of dietary protein level on sus-
ceptibility of monkeys to aflatoxin liver injury.
Indian J. Med. Res. 53:985-990.

Marasas, W. F., J. R. Bamburg, and E. B.
Smalley. 1969, Toxic eflects on trout, rats,
and mice of T-2 toxin produced by the fungus
Fusarium  tricinctim (Cd.)  Snydet.  Hans.
Toszicol. Appl. Pharmacol. 18:471-482,

Marcos, S. R, and A. K. Lcbshtein. 1963, Pro-
teins and toxicity: the effect of different
dictary levels of protein in the changes pro-

duced by the “roundnut toxin™ in chicks.
Arab. Vet. Med. Assoc. T, 23:375-380.
Marshall, W, J.. and A. E. M. McLecan. 1971.

A requirement for dictary lipids for induction
of cytochrome P_.,, by phenobarbitone in rat
liver microsomal fraction. Biochem. J. 122:
569-573.

Masri, M. S, W, F. Haddon, R. E. Lundin, and
D. P H. Hsigh. 1975, Aflatosin Q,. A newly
identificd major metaholite of aflatoxin B, in
monkey liver. I Agric. Food Chem. 22:512-
514, .

Miller, J. A, and E. C. Milier. 1974, Some cur-
rent thresholds of rescarch in chemical car-
cinogenesis, p. 61-85, Ju P, O, P, Ts'o and
J. A, DiPaolo (ed.), Chemical carcinogenesis.
Marcel Dekker, Inc., New York.

Mirocha, C. J., and C. M. Christensen.
Fungus mectabolites toxic to animals.
Rev. Phytopathol, 12:303- 330,

Moss, M. O. 1971, The rubratoxins, p. 381-407.
In A. Cicgler, S, Kadis, and S, 1 A} (ed)),
Microbial toxins, vol. 6. Acudemic Press Inc.,
New York.

Moule, Y.

1974.
Annu.

and C. Trayssinet. 19720 Enzymic

i

63,

04,

66.

67.

68.

69.

70.

71.

71.

78.

conversion of aflatonin By 1o a4 derivarne o
hibiting i vitre transcription. FEBS § eq ¢
52-56.

Newberne, PooML WO M Chan, and A
Rogerse 19740 Influence of  Hight, bl .
and carotene on the response of gais 1o g
acute toxicity of aflatoxin and monocroalo,
Toxicoll Appl. Pharmace]. 28:2000 208,

Newberne, PoML DL HL Thurington, and ¢
Wogan, 1966, Effects of cirthosis and o1l
Hver imsults on induction of liver tomaor.
rats. Lab, Invest, 18:962-909.

Newberneo P M., Co E Hunt, and G
Wogan, 1967, Neoplasms in the rat associaged
with administration of urethan and aflutows,
Exp. Mol Patholl 6:285.-299,

Newberne, Po M. and AL E. Rogers, 1973, R
colon carcinemas  associated  with  aflatosin
and marginal vitamin AL L Natl, Cancer Ing
50:439-448.

Newberne, P M, AL E. Rogers, and G, N,
Wogan, 1968, Hepatorenal fesions in rats {ed
a low lipotrope dict and exposed to aflatoxin,
J. Nutr, 94:322-326.

Newberne, Po Mo and Go Williams, 1969, In
hibition of aflatoxin carcinogenesis by dicthvi-
stilbestrol in male rats. Arch. Environ. Heakh
19:489-498,

Newberne, P. M., and G. N. Wogan. 1968,
Sequential morphologic changes in aflatoxin
B, carcinogenesis in the rat. Cancer Res. 28:
770-781.

Newberne, P. M., G. N. Wogan, and A. lall
[1i. 1966, Effects of dictary medification on
response of the duckling to aflatoxin. J. Nutr,
90:123~130.

Nixon, J. E., R. O. Sinnhuber, D. J. Lee, M. K.
Landers, and JI. R. Harr. 1974, Effect of
cyclopropenoid compounds on the carcino-
genic activity of diethylnitrosamine and afla-
toxin B, in rats. J. Natl. Cancer Inst. 53:453-
458,

Patterson, D. S. P. 1973, Metabolism as a factor
in determining the toxic action of the afla-

toxins in different animal species.  Food
Cosmet. Toxicol. 11:287-294,

Patterson, D. S. P.. and B. A. Robherts. 1970,
The formation of aflatoxins B., and G.,, and
their degradation products during the in vitro
detoxification of aflatoxin by livers of certain
avian and mammalian species. Food Cosmet.
Toxicol. 8:527-538.

Patterson, D. S, P, and B. A. Roberts. 1972,
Aflatoxin - metabolism in duck-liver homo-
genates: the relative importance of reversible
cyclopentenone reduction and hemiacetal for-
mation. Food Cosmet. Toxicol. 10:301-512.

Patterson, D. S, P, and B. A. Roberts, 1972
Steroid-sex hormones as inhibitors of aflatoxin
metabolism in liver homogenates, Experientiua
28:929-930.

Perone, V. B. 1972, The natural occurrence and

uses of toxic coumaring, p. 67-91, /n S, Kadis,
A. Cicgler, and S. ). Ajl (ed.). Microbial
toxing, vol. 8. Academic Press Ine, New York.
Pitout, M. 1, 1. A, McGee, and J. C. Schabort.
1971. The ceffect of aflatoxin B, aflutoxin B..

and  sterigmatocysting on nuclesr  deoxyriboe-
nucleases from rat and mouse ivers. Chern.
Biol. Interuct. 3:353-361.

Pitout, M. S, 1000 Van Der Watt, P G Kempfl,
J. Dijkstra, and 1. C. Schubort, 19730 The
cffects of aflatoxin B, and aminoazodye car-




90

I

KRY

ue,

MYCOTONIN

cinopens on nat and mouse Ther puclear acid
deovviibonuclease, Chenn Biol Intoact, 6
2270238
Pohland, A o MO T Cushmae, and P 1L
AndrcHos, W6R 0 Atitenm B, hemsiacetal, L

Assoc. O Anat, Chem 510907 910

Pollach, MR 196, TThe diffcrential effeet of
actinomivein 1Y on the biosyntheas of enzynes
in Bacilius subi and Bacillin Bio-
chim, Biophye Acta 7a:80 93,

Portman, RoS. Ko AL Plownun, and T, C,
Campbell, 19680 Aflatoxin metabolism by
Hiver microsomal preparations of two ditferent
species. Biochem, Biophys, Reso Commaun, 33:
VASEYAEN

Parchase, o0 T and MU Stevn,
metabolism of  aflatonin B, in
Cancer 23:800-805.

Purchase, 1. F. H., and M. Steyvn, 1971, Aflatoxin
metabolism, p. 47-31. In 1. F. 1. Purchase
(¢d.), Symposium on mycotoxins in human
health, Macmillan Press, Lid,, London.

Purchase, I FoHL M. Stevn, and 7. C. Gilfillan,
1973, Mectabolism and acute toxicity of afla-
toxin B, in rais. Chem. Bioll Tnteract, 7:283-
287.

Purchase, 1. F. H., and J. J. Van Der Watt.
1973, Carcinogenecity of sterigmatocystin to
rat skin. Toxicol. Appl. Pharmacel. 26:274-
281,

Reddy, J. K., and D. Sveboda, 1972, Effect of
lasiocarpine and aflatoxin B, carcinogenicity
in rat liver. Arch. Pathol, 93:53-60.

Reddy. G. S., T. B. G. Tilak, and D. Krish-
namurthi, 1973, Susceptibility of vitamin A-
deficient  rats  to  aflaioxin. Food Cosmet.
Toxicol, 11:467-470.

Richard, J. L. 1973, Mycotaxin photosensitivity.
J.oAm. Vet Med., Assoc. 163:1298-1299,

Richard, 1. L., 1. R. Thurston, B. Deyoe, and
G. D. Booth. 1975, Effcct of ochrutoxin and
aflatoxin on serum  proteins, complement ac-
tivity, and antibody production 10 Brucellu
aborins in guinea pigs. Appl. Microbiol. 29:
27-29,

Richard, I Thursten, and C. K.
Graham. Changes in complement  ac-
tivity, scrum proteins, and prothrombin time
in guinea pigs fed rubratoxin zlone or in
combination with aflatoxin. Am. J. Vet. Res.
35:957-959.

Righter, H. F.. W. T. Shalkop, 1. D. Mercer,
and . C. Leflel. 1972, Influence of age and
sexual status on the development of toxic
cffects in the male rat fed allatoxins, Toxicol.
Appl. Pharmacol. 21:435-439.

Rogers, A. E., and P. M. Newberne, 1969, Afla-
toxin B, curcinogenesis in lipotrope-deficient
rats. Cancer Res, 29:1965-1972,

Rogers, A. 1, and P. M. Newberne, 1971 Diet
and aflatoxin B, toxicity in rats, Toxicol. Appl
Phurmacol, 20:113-121.

Rogers, A, L, oand Po M. Newberne, 1971 Nu-
trition  and  aflatoxin carcinogenesis. Nature
(London) 229:62-63,

Sanders, 0 C, Eo AL Barker, and E. AL Smuck-
ler. 1972, Sclective inhibition of nucleoplasmic
ral liver DNA-dependent RNA polymerase by
wflatoxin B, Cuncer Res. 32:2487-2494,

Sansing, G. A, . B. Lillchoj, S. N. Freer, and
RoOW. Detioy, 1974, Tethality in omice of
double-stranded  ribonucleic acid from  vivus-

[ ERNTAN

1969, The

rats. Breo L

L., J. R,

1974,

SYNIRGISM

R,

49,

on,

[IUN

102,

103.

104.

106.

107,

108,

169,

o

RRY)

like  pat tes of  Penicilliun: stoloniferum,
Tonicon .31V 800

Schabort, 10 Cooand M3 Paout, 1971 The
relationstup between the chenneal sooctine
of aflatovins and their effect on bovine pan-
creas deosyiibonuclease, Toeymologia 41
201 2006,

Schabort, 10 C.ooand M. Stevn
and  phenobarbital induocible
deonwvhition and
Iiver  microsames,
2241-2252

Schabort, J. Co.oand M. Steyn, 1972, Aflatoxin B3,
and  phenobmbital  inducible aflatoxin- A%
hydration by rat liver microsomes. Biochen.
Pharmacol, 21:2931-2933,

Schoental, R 1968, Toxicology and  carcino-
genic action of pyrrolizidine alkaloids. Cancer
Res, 28:2237-2246.

Schoental, R 19700 Tepatotoxic  activity  of
retrorsine.  senkirkine, and  hydroxysenkirkine
in newborn rats. and the role of expoxides in
carcinogenesis by pyrrolizidine alkaloids and
aflatoxins, Nature (London) 227:401-402.

Scott, P. M., W, Van Walheek, B, Kennedy, and
D. Anvyeti. 19720 Mycotoxins (ochratoxin A,
citrinin, and sterigmatocystin) - and  toxigenic
fungi in grains and other agricultural prad-
ucts. . Agric. Food Chem. 20:1103-1109.

Siller, W. G., and D. C. Ostler. 1961, The
histopathology of enterohepatic syndrome of
turkey poults, Vet. Res. 73:134-138.

Sinnhuber, R. O, D. 1. Lee, 1. H. Wales, and
J. L. Axres. 1968, Dictary factors and hepa-
toma in rainhow trout. Il. Cocarcinogenesis
by cyclopropenoid fatty acids and the effect
of gossypol and altered lipids on aflatoxin-
induced liver cancer. Y. Natl. Cancer Inst
41:1293-1301.

Sinnhuber, R. O., D. J. Lee, J. H. Walcs, M. K.
Landers, and A. C. Keyl. 1974, Hepatic car-
cinogenesis of aflatoxin M, in rainbow trout
(Salmio  gairdneri) and its enhancement by
cyclopropene fatty acids. 1. Natl. Cancer Inst.
53:1285-1288.

1969, Bustrate
aflitonin.d-hy-
aflatoxin metabolism byt

Biochem,  Pharmacoel, 18:

Sinnhuber, R. O., 1. H. Wales, J. L. Ayres,
R. H. Engcbrecht, and D. L. Amend. 1968,
Dictary factors and hepatoma in  rainbow

trout. 1. Aflatoxins in vegetable protcin feed-
stuffs, J, Natl. Cancer Inst. 41:711-T18.

Smith, J. W., C. 11. Hill, and P. B. Hamilion.
1971. The effect of dictary modifications on
aflatoxicosis in the broiler chicken. Poult, Sci.
50:768-774.

Smith, J. W, W. R. Prince, and P. B. Hamilton.
1969, Relationship of aflatoxicosis to Salmo-
nella gallinarnm infections of chickens. Appl.
Microbiol, 18:946-947.

Smith, R. C., and W. C. Necly, 1972, Photosen-
sitization of paramccia by aflatoxin. Can. J.
Microbiol, 18:1965-1967.

Svoboda, D, L, Grady, and J. Higginson. 1966,
Aflatoxin B, injury in rat and monhkey liver.
Am. 1. Pathol. 49:1023-1051.

Svoboda, D, and 1. K. Reddy, 1972, Malignant
tumors in rats  given  asciocarpine,  Cuancer
Res. 32:908-912.

Swenson, D0 10 AL Miller, and B, C. Miller.

1973, 2,3-Dihydro-23-dihydroxy-uflatoxin B
an acid  hydrolysis product of  an RNA-
aflutoxin B, adduct formed by humster and

rat Hver microsomes in vitro. Biochem. Bio-

phys. Res. Commun, 53:1260-1267.




116,

MYCOTONXINS

071 The tovicelogy of sporidesnuns

Tavlor, A,

and other epipobhvibiadionopiperacines, p, 337
391 I S, Kadise AL Ciceler, and S0 b AR
(ed ), Microbial tonins, volb 700 Academic

Press Ine, New York,

Thaxton, 3. PV Vang, and PR Hamidton.
075 Immunosuppression in chickens by afla
tovin, Poult, Seil S3:721-728,

Thorpe, Co WL and RO Johnson, 19700 Analy-
sis of penicillic acid by gasliquid chromuatog-
raphy. 1. Ascoc, OfF Anal, Chem. 87:801- 864,

Tilden, F. B, B0 0L Haton, S0 Freeman, WML
Williamson, and V. 1. Kocenig, 19610 Prepa-
ration and  properties of  the endotoains of
Aspergillus fumiigariy and Aspergillis flavis.,
Mycopathol, Mycol Appll 14325340,

Townsend, R.J N O Moss, and L M. Peck.
1066, Isolation and characterization of hepa-
tonins from Penicillion pubrion. 10 TPharm,
Pharmacol, 18471473,

Williams, D, F R P Chuk, and B, R, Rabin,
1973, The effeets of aflatoxin B, in vive on
membrane-ribosome association. Br. 1. Cancer
27:283-294.

(RN

120

19
i

124,

Rabin, i

ST ok

Willmmse 12 0o and BD R
cflects of affatonin B and
on o pohsome binding to ndcrosent
branes as measured by activiey of an oo

Fris 4.

catalvsing disulphide imterchunge
S0 107,

Wilsan, Bo L0 Co T Wiklon, and AL W 41,
TU68. Tremorgenic tonin from e
cvclopinn: grown on food materisls,

(London) 220:77.-78.
Woman, G, N 1970 Aflatonn
Methods Cancer Res, 70309 344,

cardineen,

Woean, Go NoGo S Bdwards, and PN Nw
berne, 1971 Acute and chronic tonicny

rubratoxin B. Tosicol, Appl. Pharmacoel o,
712-720.

Wyvatt, R DT Tong, and PoBD e
1973, Effects  of  simultuncous  feeding ot
aflatoxin and rubratoxin to chickens, Pyl
Sci. 82:395-397.

Zwicker, G, M. and W, W, Carlion. {7
Long-term  administration of  sterigmatocs s
and  Penicillinn vividicatim o Foowd
Cosmet. Toxicol, 12:491--497,

Hitce.




